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Abstract
Sam68 (Src-associated protein in mitosis 68 kDa) is a multifunctional protein, known to govern
cellular signal transduction, transcription, RNA metabolism, proliferation, apoptosis and HIV-1
replication. Although intrinsic mechanisms that modulate Sam68 function are beginning to
emerge, the regulatory events contributing to its expression remain elusive. We previously
reported that heat shock protein-22 (Hsp22) antagonizes Sam68 function in rev-response element
(RRE)-mediated gene expression. We now demonstrate that Sam68 levels correlate inversely with
Hsp22 in a variety of cells, including U87, Jurkat, 293T and U-937. In U87 glioblastoma cells,
which contained high levels of Hsp22 than other cell lines tested, Hsp22 knockdown dramatically
increased both Sam68 mRNA and protein, altered cellular morphology and enhanced cell
proliferation. This heightened proliferation was associated with a sharp decrease in G0/G1 and a
corresponding increase in S and G2/M phases in exponentially growing cultures. The increased S
phase population in turn correlated with enhanced expression of cell cycle regulatory proteins such
as cyclin E, cyclin A, ribonucleotide reductase (RNR) and proliferating cell nuclear antigen
(PCNA), which are required for the transition of cells from G1 to S phase. Collectively, our results
demonstrate for the first time that Hsp22 regulates Sam68 expression and the ratio of Sam68 to
Hsp22 may determine the proliferative potential of glioblastoma cells.
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Introduction
Sam68 (Src-associated in mitosis 68 kDa), a target for tyrosine kinase c-Src during mitosis,
belongs to the signal transduction and activation of RNA (STAR) family of RNA-binding
proteins, which are critical for normal physiology (Richard, 2010). Sam68 is involved in a
wide range of cellular processes including signal transduction, transcription, RNA
metabolism, cell cycle progression and apoptosis (Bielli et al., 2011). In addition, we
reported that Sam68 can functionally substitute and/or synergize with HIV-1 Rev in RRE-
mediated gene expression and virus production (Reddy et al., 1999; Suhasini and Reddy,
2009), confirming its pleiotropic nature.
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Sam68 controls cell cycle progression and proliferation by regulating alternate splicing
pathways and is modulated by post-translational modifications (Elliott and Rajan, 2010).
Pre-mRNA splicing targets of Sam68 include: i) transmembrane glycoprotein CD44; ii)
cyclin D1, a G1 phase cyclin; and iii) an anti-apoptotic protein, Bcl-x (Matter et al., 2002;
Paronetto et al., 2007, 2010). It was reportedly upregulated in breast cancer cells (Song et
al., 2010), and in human prostate carcinoma, which contributed to proliferation and survival
of cancer cells (Busa et al., 2007). Sam68 has been shown to co-activate androgen receptor
(AR) transcriptional activity independent of its RNA binding, while ligand-activated AR
repressed Sam68-dependent splicing of CD44 (Clark et al., 2008), suggesting cross-talk
between Sam68 and AR in regulating the genes involved in proliferation and survival of
prostate cancer cells. Although it is evident from these observations that changes in Sam68
levels can both stimulate and alter development and progression of a variety of diseases, it
remains to be established how Sam68 expression is regulated.

In an effort to understand the mechanism by which Sam68 regulates HIV-1 Rev function,
we discovered that Hsp22 interacts with Sam68 and inhibits Sam68/RRE-mediated gene
expression (Badri et al., 2006). Hsp22 displays chaperone-like activity, and has been
implicated in cell proliferation, apoptosis and carcinogenesis, exerting either pro- or anti-
apoptotic effects depending on the cell (Shemetov et al., 2008). We tested Jurkat, U937,
293T, HeLa, U87 and Cos-1 cell lines and observed high levels of Hsp22 mRNA in U87
glioblastoma cells (Badri et al., 2006). Diminished viral production in U87 cells has been
attributed to low levels of Sam68 (Li et al., 2002), which is required for HIV-1 Rev function
(Modem et al., 2005). Since Hsp22 inhibits Sam68 function and U87 cells express high
levels of Hsp22 (Badri et al., 2006), we reasoned that Hsp22 knockdown could restore
Sam68 function and stimulate viral production. To test this possibility, we generated stable
sub-lines of U87 glioblastoma cells with Hsp22 knockdown and found increased expression
of both Sam68 mRNA and protein along with dramatically increased cell proliferation,
which in turn was associated with an increase in S phase and a corresponding decrease in
G0/G1 phase cells in exponentially growing cultures. This finding was corroborated by the
increased expression of the regulatory proteins necessary for transition of cells from G1 to S
phase and a marked decrease in G1-specific cyclin D1. To the best of our knowledge, this is
the first direct evidence implicating Hsp22 in Sam68 regulation, which may determine the
proliferative status of not only U87 glioblastoma cells but other lines as well.

Materials and Methods
Plasmids

Stable Hsp22 knockdown U87 cells were generated using the SuppressorNeo-IMG-800
RNAi expression vector (Imgenex, San Diego, CA). Hsp22 primers (forward: 5′-
TCGAGGTGTGTGTGAATGTGCACAGAGTACTGTGTGCACATTCACACACACT
TTT T-3′ and reverse: 5′-
CTAGAAAAAGTGTGTGTGAATGTGCACACAGTACTCTGTGCAC
ATTCACACACACC-3′) were annealed and cloned into the Sal I and Xba I enzyme sites
of pIMG-800 to generate pHsp22-RNAi.

Cells, transfections, and western analysis
All cell lines were obtained from ATCC. U87MG glioblastoma and 293T cell lines were
maintained in DMEM, whereas U937 and Jurkat cells were maintained in RPMI
supplemented with 10% FBS. U87 cells were transfected with 1 to 3 μg pHsp22-RNAi
vector or control vector pIMG-800, using Fugene HD (Roche) reagent. To create stable
Hsp22 knockdown cell lines, cells were selected by G418 (Gibco). Knockdown was
assessed in G418-resistant colonies by Western blot using anti-Hsp22 antibodies. Similarly,
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cell extracts were analyzed by western blot analysis with antibodies against the target
protein(s) using an enhanced chemi-luminescence reagent (Michigan Diagnostics).

Sam68 and Hsp22 Real-Time RT-PCR
Total RNA isolated using a PARIS RNA isolation kit (Ambion) was reverse-transcribed
with random hexamer primers using a Transcriptor First Strand cDNA synthesis kit (Roche).
qRT-PCR was performed using TaqMan Gene Expression Assay kit for Sam68 (Assay ID:
Hs00173141_m1), Hsp22 (Hs00205056 _m1), and 18S (Hs03928985 _g1) from Applied
Biosystems with an Applied Biosystems 7500 Real-Time PCR system. Each reaction was
studied in triplicate and consisted of 1/10th volume of RT product. Thermal cycling
conditions were 95°C for 10 min, followed by 40 cycles at 95°C for 15 sec, and 60°C for 1
min. Relative expression of Sam68 and Hsp22 was calculated by normalizing to 18S
expression using the 2(−ΔΔCt) method.

Cell morphology and proliferation
Cells were grown on chamber slides and fixed with 4% paraformaldehyde, then examined
under a Zeiss Axioplan 2 microscope. To assess cell proliferation, 1×105 cells were seeded
in 12-well culture plates containing DMEM supplemented with 10% FBS. Over time (24-,
48- and 72-hr intervals), cells were trypsinized and mixed gently with trypan blue solution
(Sigma). Cells were counted in triplicate using a hemocytometer. Dead cells were identified
by their trypan blue staining. Cell cycle progression of propidium iodide-stained cells was
performed using FACS Calibur (BD Biosciences) (Busa et al., 2007) and data were analyzed
by CELL Quest software (BD Biosciences).

Results
Hsp22 regulates Sam68 expression

Since Sam68 plays a critical role in HIV-1 production (Modem et al., 2005) and Hsp22
suppresses Sam68 function (Badri et al., 2006), we examined the levels of these proteins in
cells known to support (Jurkat, 293T and U-937) and restrict (U87) HIV-1 production.
Consistent with its significant role in HIV-1 production, we observed high levels of Sam68
protein in Jurkat, 293T and U-937 cells. In contrast, Hsp22 was barely detectable in these
cells, when compared to U87 cells (Fig. 1A), suggesting that Hsp22 might suppress Sam68
expression and function, and inhibit HIV-1 production. To further investigate the effect of
Hsp22 knockdown on Sam68 regulation, we employed RNAi strategy to generate stable
Hsp22 knockdown sub-lines of U87 cells (HKU-1, HKU-2, and HKU-3) and found that all
three had undetectable levels of Hsp22 protein compared to vector control (VC) sub-line.
Interestingly, a dramatic increase of Sam68 protein was detected in all three HKU cells as
compared to VC sub-line (Fig. 1B). To investigate whether the increase in Sam68 protein
was due to transcriptional or translational regulation, we quantified Sam68 mRNA and
found that it was 3- to 6-fold higher, while Hsp22 mRNA was 3- to 8-fold lower (Fig. 1C) in
HKU cells. This suggests that knocking down Hsp22 mRNA reduced expression of the
protein, therefore implying that Hsp22 knockdown increased both Sam68 mRNA and
protein. It is evident from these observations that in addition to influencing Sam68 function
through direct interaction (Badri et al., 2006), Hsp22 may also regulate Sam68 expression in
U87 cells.

Hsp22 knockdown alters U87 cell morphology and stimulates proliferation
As Hsp22 knockdown became apparent, the phenotypic appearance of HKU cells was
distinct from the characteristic neuronal morphology of the VC cells, i.e., stellate with long
extensions from the cell body. All HKU sub-lines exhibited epithelial morphology and
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lacked noticeable extensions. Moreover, unlike control cells, which were large and adhered
firmly to the culture dish, the HKU cells were small and loosely attached to the dish,
forming clusters resembling cobblestones (Fig. 2A). We also observed that HKU cells
became confluent much sooner than the VC cells, suggesting a much higher rate of
proliferation. They multiplied 3- to 4-fold faster than the vector control U87 cells (Fig. 1B),
resulting in a change in the doubling time from ~68 hrs in VC cells to ~20 hrs in HKU cells
(Fig. 2B), which correlates with a corresponding increase in Sam68 levels (Fig. 1B).

Increased proliferation of Hsp22 knockdown cells correlates with fewer cells in G0/G1
phase

The dramatic increase in HKU cell proliferation prompted us to examine their distribution in
various phases of the cell cycle. Flow cytometry revealed that the number of cells in G0/G1
phase decreased from 62% in VC cells to 35% in HKU cells, while S phase cells increased
from 24% VC to 45% in HKU, and G2/M phase cells increased from 14% VC to 20% in
HKU (Fig. 3). It is possible that a significant decrease in G0/G1 phase is due to a rapid
transition from G1 to S and G2/M phases, which contributed to the increased rate of HKU
proliferation.

Cell cycle regulatory proteins responsible for transition from G1 to S phase are increased
in Hsp22 knockdown cells

To determine whether increased HKU proliferation was due to rapid transition from G1 to S
phase, we analyzed the expression of several regulatory proteins required for this process,
including cyclin E, cyclin A, RNR, PCNA and cyclin-dependent kinase inhibitor p21Cip1.
While they all increased appreciably in HKU cells, cyclin D1, a regulatory protein normally
expressed in G1 phase cells, was significantly down modulated (Fig. 4), consistent with
rapid progression through the cell cycle. We also observed increased expression of the anti-
apoptotic protein Hax-1 (Suzuki et al., 1997), which was barely detectable in the vector
controls (Fig. 4); however, with longer exposure, a weak Hax-1 signal was detected (data
not shown). Additionally, we detected high levels of calcium-dependent cell adhesion
molecules, such as E-cadherin (epithelial), N-cadherin (neural) and β-catenin in HKU cells
compared to VC cells (Fig. 4).

Discussion
The intracellular levels of Sam68 have been reported to be crucial for cancer progression
and HIV-1 production, and it remains critical to both cell proliferation and viability; yet its
regulation remains elusive. Since low expression of Sam68 reportedly impeded HIV-1
production in U87 cells (Li et al., 2002), and we observed that Hsp22 inhibited the Sam68
activity (Badri et al., 2006) required for HIV-1 production (Modem et al., 2005), we used
U87 cells to determine the effect of Hsp22 knockdown on Sam68 expression. Our data
demonstrates for the first time that Hsp22 knockdown dramatically increased Sam68
expression in U87 cells, while simultaneously inducing morphological changes and greatly
increasing cell proliferation. We observed that U87 cells express high levels of Hsp22 and
low levels of Sam68 (Fig. 1A), while downregulation of Hsp22 stimulated both Sam68
mRNA (Fig. 1C) and protein (Fig. 1B), suggesting that Hsp22 regulates Sam68 expression.
Although there are no reports implicating Hsp22 in transcriptional regulation, as a
chaperone, it may regulate nuclear localization and function of the transcription factors
responsible for Sam68 expression. In addition, Hsp22/HspB8 reportedly blocked mRNA
translation by phosphorylating the alpha subunit of the translation initiation factor eIF2
(Carra et al., 2009), so that Hsp22 knockdown may suppress eIF2-α phosphorylation and
restore Sam68 synthesis.
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While it is unclear why Hsp22 knockdown U87 cells are morphologically distinct (Fig 2A),
Sam68 could help regulate epithelial-to-mesenchymal transition (EMT) (Valacca et al.,
2010). In addition, aggressive glioblastomas expressing high levels of E-cadherin have also
been shown to resemble the epithelium (Lewis-Tuffin et al., 2010). Consistent with these
reports, we detected high levels of E-cadherin in HKU cells when compared to VC cells
(Fig. 4), suggesting that upregulation of E-cadherin results in the epithelial morphology of
HKU cells. However, it is unclear whether Sam68 regulates cadherin synthesis.
Alternatively, Hsp22 knockdown may result in enhanced E-cadherin expression, which may
contribute to mesenchymal-to-epithelial transition; or it could trigger a signaling pathway
such as STAT3 that can alter morphology. Transient activation of STAT3 is shown to be
required for astrocytes differentiation (Rajan and McKay, 1998).

Our results demonstrate that Hsp22 knockdown stimulated proliferation of U87 cells (Fig.
2B); yet Hsp22/H11 is reportedly required for proliferation of fibroblasts and cardiac cells
(Sui et al., 2009; Wadhwa et al., 2010). It is likely that the anti- and pro-proliferative effects
of Hsp22 are cell type-specific and may also depend on the level of Sam68 expression.
Given the growing evidence supporting Sam68 as a marker of proliferation in various
cancers (Elliott and Rajan, 2010), any pro-proliferative actions conferred to HKU cells could
be attributed to increased Sam68 levels. Sam68 knockdown reportedly suppressed
proliferation of breast and prostate cancer cells (Song et al., 2010; Busa et al., 2007), and yet
Sam68 overexpression was cited as suppressing fibroblast proliferation (Taylor et al., 2004).
These seemingly contradictory findings suggest that changes in Sam68 and Hsp22 levels
could have either a positive or negative effect on proliferation and survival depending on the
cell type.

A significantly high number of HKU cells were found in the S and G2/M phases of the cell
cycle (Fig. 3), suggesting that Sam68 overexpression stimulates progression from G1 to S
phase. Consistent with this possibility, Sam68 knockdown was reported as delaying
progression of prostate cancer cells from G1 to S phase (Busa et al., 2007; Song et al., 2010).
Accelerated progression of HKU cells from G1 to S phase was also corroborated by our
observation that several regulatory proteins required for transition from G1 to S phase were
elevated in HKU cells; however, cyclin D1, which is considered essential for linking
extracellular mitogenic signals to core cell cycle machinery, decreased dramatically in HKU
cells (Fig. 4). Although cyclin D1 is important during the G1 phase, other cyclins expressed
later in the cell cycle are able to fill in for cyclin D1 function and trigger entry from G1 to S
phase (Reddy, 1999). Consistent with this possibility is the observation that increased cyclin
E expression obviated the role of cyclin D1 during normal brain development in cyclin D1
knockout mice (Chen et al., 2005). Thus, cyclin E overexpression in HKU cells may have
compensated for the decrease in cyclin D1 function and stimulated progression from G1 to S
phase.

It is unclear whether reduced Hsp22 and/or elevated Sam68 levels caused downregulation of
cyclin D1. HspB8/Hsp22 reportedly upregulated cyclin D1 and contributed to the
progression of estrogen receptor-positive breast cancer (Trent et al., 2007); however, it is not
clear whether the Hsp22-induced increase in cyclin D1 was mediated by changes in Sam68
levels. In prostate cancer cells, Sam68 reportedly downregulated cyclin D1 expression
(Paronetto, et al., 2010), and its knockdown resulted in accumulation of cyclin D1 mRNA
and protein (Busa et al., 2007). Similarly, Sam68 overexpression suppressed cyclin D1
expression in NIH-3T3 (Taylor et al., 2004). Together these observations suggest that
overexpression of Sam68 is responsible for the dramatically decreased cyclin D1 expression
in Hsp22 knockdown glioblastoma cells.
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The observed upregulation of the cyclin-dependent kinase-2 inhibitor p21Cip1 in HKU cells
(Fig. 4) may be advantageous to survival of rapidly proliferating tumor cells, as increased
expression of p21 has been associated with increased proliferation and progression of
invasive ductal carcinoma (Wong et al., 2001). Upregulation of Hax-1 (Fig. 4), an anti-
apoptotic protein in HKU cells, suggests that Hax-1 protects cells from apoptosis. We
propose that increased p21 and Hax-1 together with decreased cyclin D1 may increase
survival of HKU cells, which multiplied 3- to 4 times faster than the parental U87 cells. This
is reflected in our observation that there was no noticeable death of exponentially growing
HKU cells as determined by trypan blue exclusion (data not shown). Additionally, increased
levels of N-cadherin and β-catenin in HKU cells suggest their involvement in cell
proliferation. In line with our observations, knockdown of N-cadherin and β-catenin was
shown to delay S phase entry and reduce Schwann cell proliferation (Gess et al., 2008).
These results further validate that Hsp22 exhibits anti-proliferative property in U87 cells.

In summary, our results provide direct evidence that Hsp22 is involved in the regulation of
Sam68 expression, as Hsp22 knockdown stimulated Sam68 expression and proliferation of
glioblastoma cells. Since Sam68 has been implicated in growth and survival of cancer cells
(Busa et al., 2007) and HIV-1 production (Modem et al., 2005), it is of importance to focus
future studies on elucidating the molecular mechanism by which Hsp22 regulates Sam68
expression in cancer and HIV permissive cells.
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Figure 1. Hsp22 knockdown upregulates Sam68 expression
(A) U87 cells express high levels of Hsp22. Cell extracts (10 μg) from various cells were
analyzed for Hsp22, Sam68 and actin expression by Western analysis. (B) Stable Hsp22
knockdown U87 cells express high levels of Sam68. Expression of Hsp22 and Sam68 in the
lysates (10 μg and 5 μg) of HKU cells was assessed by Western analysis. VC: vector
control; HKU-1, HKU-2 and HKU-3: Hsp22 knockdown U87 cells. (C) qRT-PCR of Sam68
and Hsp22 mRNA: Quantitative real time PCR on total RNA was performed. Table shows
arbitrary units of individual mRNAs. All values are the average of three qRT-PCR reactions,
which varied by less than 5%. Bar graph shows fold change in mRNA levels in HKU clones
compared to vector controls.
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Figure 2. Knockdown of Hsp22 alters the morphology and proliferation rate of U87 cells
(A) Morphological changes in Hsp22 knockdown clones. Cells were grown on chamber
slides, fixed with paraformaldehyde and examined under microscope. (B) Knockdown of
Hsp22 expression stimulated U87 cell proliferation. Cells were counted as a function of
time, indicated in the figure. Each error bar represents the average + SD of three
independent experiments.
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Figure 3. Cell cycle progression of Hsp22 knockdown U87 cells analyzed by FACS
Exponentially growing vector control, HKU-1, HKU-2 and HKU-3 cells were stained with
propidium iodide and cell cycle progression analyzed as described in the Materials and
Methods.
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Figure 4. Analysis of proteins associated with cell cycle progression
Cell extracts of stable clones (20 μg of total protein for cyclin A, cyclin E, RNR and PCNA;
5 μg for Hax-1, cyclin D1, E-cadherin, N-cadherin and β-catenin) were analyzed by Western
blot using respective antibodies. β-actin was used as loading control. Fig. 1B Sam68 blot
was reused for Hax-1 and cyclin D1 expressions.
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